Abstract-This paper considers the channel capacity of 60GHz wireless communications systems over Rayleigh fading channels and Ricean fading channels. The SNR and therefore capacity varies according to the communication distance. The capacity is presented for line-of-sight (LOS) and non-line-of-sight (NLOS) channels given based on a 60GHz link budget model. Phase shift keying (PSK) modulation is considered under FCC power constraints for the unlicensed 59-64GHz radio spectrum. The channel capacity over Rayleigh fading channels is compared with the capacity in additive white Gaussian noise channels. The paper also investigates the channel capacity of 60GHz wireless communications systems over Ricean fading channels and gives the channel capacity compariasion with q-ary PSK modulation over Ricean fading channel, AWGN channel and Rayleigh channel when the SNR per symbol is given. The results show that a 60GHz wireless system is more suitable for short range communications less than 100 meters rather than long distances.
I. INTRODUCTION
The desire for unrestricted access to information and in particular multimedia spurs the growth of wireless communications. However, the lower frequency spectrum is almost completely occupied. Fortunately, an abundance of widely available spectrum around 60 gigahertz (GHz) is available to support high-rate, unlicensed wireless communications. The up to 7 GHz of bandwidth is very suitable for short-range wireless communication, and is an excellent prospect for future system development.
The regulations and standards of each country are slightly different according to IEEE 802. 15 .3c [1] [2] [3] [4] [5] . In 2001, the United States Federal Communications Commission (FCC) set aside 7 GHz of contiguous spectrum between 57 and 64 GHz for unlicensed use. In 2000, the Ministry of Public Management, Home Affairs, Posts, and Telecommunications (MPHPT) of Japan issued 60 GHz radio regulations for unlicensed utilization in the 59-66 GHz band [2] . The 54.25-59 GHz band is, however, allocated for licensed use. The maximum transmit power in the unlicensed band is limited to 10 dBm with a maximum allowable antenna gain of 47 dBi. Unlike in North America, Japanese regulations specify that the maximum transmission bandwidth must not exceed 2.5 GHz. There is no specification for RF radiation exposure and transmitter identification requirements. In Europe, point-to-point fixed services in the 64-66 GHz band is recommended. Figure 1 shows the international unlicensed spectrum around 60GHz [1] [2]. To date, there have been few results on the channel capacity of these systems. The capacity of a 60 GHz wireless communication system over an AWGN channel was presented in [6] . However, Rayleigh fading channels and Ricean fading channels are more practical, especial in non-line-of-sight (NLOS) and part line-of-sight (LOS) environments. This paper investigates the capacity of 60 GHz systems over Rayleigh fading channels and Ricean fading channels considering the FCC transmission rules.
The rest of the paper is organized as follows. Section II presents the 60GHz link budget model and Shannon capacity. The channel capacity over Rayleigh fading channels and Ricean fading channels is calculated in Section III, and results to illustrate the capacity are given in Section IV. Finally, Section V concludes the paper.
II. 60G LINK BUDGET MODEL AND SHANNON CAPACITY

A. 60GHz Link Budget Models
In 2001, the FCC set aside 7 GHz of spectrum between 57 and 64 GHz for wireless communications. Their rules limit the equivalent isotropic radiated power in this band to a maximum power density of 9 µW/cm 2 at 3 meters from the radiating source [7] . This means that 40 dBm transmit power is the legal power limit with an antenna having 0 dBi gain.
The link budget model according to Friis free-space path loss formula is
where Pt is the transmit power, Pr is the received power at distance d, Gt and Gr are antenna gain for the transmit and receive antennas respectively, both assumed to be 0 dB for simplicity. All expressions are in decibels (dB). It is shown in [8] that the received signal strength is dominated by the distance from the transmitter and the receiver, taking into account the oxygen absorption. The general path loss model can be expressed as
where λ is the wavelength corresponding to the center frequency fc, n is the path loss exponent which can be approximated as 1.55 for line-of-sight (LOS) channels and 2.44 for non-line-of-sight (NLOS) in an indoor home environment (5-15m) [10] . In conference room environments, n can be approximated as 1.77 in line-ofsight (LOS) channels and 3.85 in non-line-of-sight (NLOS) environments [11] . Using the frequency range from 57 to 64 GHz, the constraint on the transmit power is
If thermal noise as the primary source of interference, the required sensitivity at the receiver can be calculated as
where NF is the noise floor calculated by thermal noise
F is the noise figure (optimistically) assumed to be 0 dB, SNR is the signal to noise ratio at the receiver, k is Boltzmann's constant, and T is the room temperature (typically 290K). For the 60 GHz system, the noise floor is calculated as -76 dBm. To ensure adequate performance at the receiver, the minimum received power should be greater than or equal to the required sensitivity. Thus the relationship between the system performance and maximum communication distance can be derived as Figure 2 . Received SNR versus communication distance for a 60GHz wireless system over LOS and NLOS channels and employing the FCC in band power density limit. 
The relationship between SNR and distance is shown in Fig. 2 . This shows that there is about 20dB in attenuation in LOS environments in both the home (5-15m) and conference room (20m) environments. However, in NLOS channels, the SNR degradation as distance increases is very significant, especially in conference room environments.
B. Shannon Capacity
Channel capacity can be calculated according to the Shannon capacity [12] which is given by log(1 )
where W is the system bandwidth, SNR is the receive signal to noise ratio, defined as Eb/N0, where Eb is the energy per bit and N0 is the noise power spectral density. The relationship between the capacity and communication distance is then given by Figure 3 shows the Shannon capacity limit for the LOS and NLOS cases. It can be observed that there is only a small capacity decrease for the LOS cases (n=1.55 and n=1.77), while the operating distance for the NLOS n=3.83 case is limited to several meters because the capacity decreases drastically as a function of distance. To improve the capacity, we can either increase the bandwidth or signal-to-noise ratio (SNR), or both. According to (1) , improving the transmit antenna gain Gt and/or the receive antenna gain Gr can also improve the capacity.
Ⅲ. 60 GHZ CHANNEL CAPACITY OVER RAYLEIGH AND RICEAN FADING CHANNELS
A. Channel Capacity with PSK Modulation over
AWGN Channels The Shannon capacity expression (7) corresponds to continuous-valued inputs and outputs. However, a channel employing multilevel/phase modulation, for example PAM, PSK or QAM modulation, has discretevalued inputs and continuous-valued outputs, which imposes an additional constraint on the capacity calculation. We consider modulation channels with discrete-inputs and continuous-outputs, which was capacity given in [12] as
xk is the discrete-valued input, and y is the continuousvalued output, modeled as
( ) ( ) ( ) y t x t w t = +
where w(t) is additive white Gaussian noise (AWGN) with variance N0/2 in each dimension. Assuming an equal a priori probability real or complex signal constellation, i.e. 
B. Channel Capacity with PSK Modulation over
Rayleigh and Ricean Fading Channels On wireless channels, channel capacity is typically degraded by fading phenomena which arise from multipath propagation. In NLOS cases, the channel can be modeled using a Rayleigh distribution. While in most cases, there are LOS paths and NLOS paths, so the channel can be modeled using a Ricean distribution. The complex process received at the output of a noisy flatfading wireless channel is then
where h(t) is a generally time-correlated ergodic fading complex sequence independent of x(t) and w(t), and w(t) is complex zero mean AWGN with variance N0/2 in each dimension. Assuming coherent detection at the receiver, the effect of fading is reduced to multiplication of the transmitted symbol x(t) by the real nonnegative random variable h(t), which represents the envelope of the complex fading. Therefore, without loss of generality, we can rewrite (13) in an equivalent sampled form.
With perfect channel state information available at the receiver, it is known that the capacity of the channel in (14) can be directly obtained by averaging the corresponding conditional capacity ) h ( C with respect to the probability density function (pdf) of the fading gain. This leads to the following expression for the channel capacity of fading channels for an equiprobable signal constellation (15) where 
Ⅳ. NUMERICAL RESULTS
Monte Carlo simulation was used to evaluate the channel capacity of a 60 GHz communication system over Rayleigh fading channels under FCC restrictions. These results are compared with the AWGN channel capacity.
To provide a basis for comparison, Fig. 4 gives the normalized channel capacity of q-ary PSK modulation over an AWGN channel [6] . This shows that the achievable data rate for BPSK is 3.75 Gbps with 5 GHz bandwidth and an SNR of 0 dB.
The normalized channel capacity of q-ary PSK over Rayleigh fading channels is shown in Fig. 5 . This shows that the achievable data rate for BPSK is about 2.9 Gbps with 5GHz bandwidth at an SNR of 0 dB. Thus there is a significant capacity decease due to the fading. A comparison of q-ary PSK capacity over AWGN and Rayleigh fading channels is given in Fig. 6 . As expected, there is no significant difference in the capacities when the SNR is less than 5dB, since the noise dominates performance. However, for values of SNR from 5dB to 20 dB, the capacity decease due to the fading is obvious. In addition, the capacity decease over Rayleigh fading channels is greater as q increases.
The channel capacity of a 60 GHz communication system over Ricean fading channels under FCC restrictions is simulated below. These results are compared with the AWGN channel and the Rayleigh fading channel capacity. To provide a basis for comparison, Fig. 7 gives the normalized channel capacity of q-ary PSK modulation over Ricean fading channel, AWGN channel and Rayleigh channel when the SNR per symbol is 5 dB. This shows that the achievable data rate for BPSK and 4PSK is increasing with the Ricean parameter increasing. Fig. 8 gives the normalized channel capacity of q-ary PSK modulation over Ricean fading channel, AWGN channel and Rayleigh channel when the SNR per symbol is 10 dB. Fig. 2 shows that the achievable data rate for BPSK and 4PSK is increasing with the Ricean parameter too. But the increasing of channel capacity when the SNR per symbol is 5 dB is more clearly compared to the SNR per symbol with 10 dB. Fig.7 and Fig.8 show that when the Ricean parameter is small, for example, less than -5dB, the channel capacity over Ricean fading channel is near to the channel capacity over Rayleigh fading channel because there is much more NLOS paths than LOS paths when the Ricean parameter is small. On the contrary, when the Ricean parameter is big, for example, bigger than 15dB, the channel capacity over Ricean fading channel is near to the channel capacity over AWGN channel because there is much more LOS paths than NLOS paths when the Ricean parameter is big. 
Ⅴ. CONCLUSIONS
The capacity of 60GHz wireless communications over Rayleigh fading channels and Ricean fading channels was investigated for PSK modulation employing FCC in band power density limits. In NLOS cases, the channel can be modeled using a Rayleigh distribution. While in most cases, there are LOS paths and NLOS paths, so the channel can be modeled using a Ricean distribution.
The relationship between channel capacity and SNR or communication range was demonstrated over Rayleigh fading channels in different channel conditions. As expected, the lower the path loss exponent, the longer the communication range. It can be concluded that a 60GHz wireless system is more suitable for short range communications less than 1 km rather than long distances. The q-ary PSK channel capacity over Rayleigh fading channels was shown to be less than the capacity in AWGN channels, particularly in the 5-20 dB SNR range. The capacity decease over Rayleigh fading channels is more serious with increasing q. The relationship between channel capacity and Ricean parameter was demonstrated in different SNR conditions. As expected, the bigger the Ricean parameter, the greater the channel capacity. From 1997 to 1999, she was the assistant engineer of Shengli
